In order to obtain the information about magnetic states of reentrant ferromagnet, SmMn 2 Ge 2 , we have studied the pressure effect on magnetocaloric properties by magnetization measurements under high pressures up to 1.2 GPa in the temperature range from 5 to 300 K. Using the Maxwell relation, we estimated the magnetic entropy change jÁS M j to be 0.65 JK À1 mol À1 at T 1 (¼ 100 K) and 0.53 JK À1 mol À1 at T 2 (¼ 150 K) under 0.1 MPa. By applying pressures up to 0.5 GPa, jÁS M ðT 1 Þj is enhanced (2.0 JK À1 mol À1 ), while jÁS M ðT 2 Þj is slightly suppressed (0.4 JK À1 mol À1 ). The obtained values of jÁS M j were discussed on the basis of a mean field theory using a two-sublattice model.
Introduction
Ternary compounds RMn 2 Ge 2 (R = rare earth element) crystallize in the ThCr 2 Si 2 -type body centered tetragonal structure, which is characterized by R-Ge-Mn-Ge-R-stacked layers along the c-axis. It was reported that the magnetic properties of RMn 2 Ge 2 are very sensitive to the in-plane Mn-Mn distance R a Mn-Mn in the c-plane.
1) The exchange interaction between the interlayer Mn-Mn ions is ferromagnetic (FM) for R a Mn-Mn > 0:285 nm, whereas it is antiferromagnetic (AFM) for R a Mn-Mn < 0:285 nm at room temperature. 1) SmMn 2 Ge 2 shows a reentrant ferromagnetism; the FM phase in 150 K (¼ T 2 ) < T < 350 K (¼ T C ), the AFM phase in 100 K (¼ T 1 ) < T < 150 K, and reentrant ferromagnetic (RFM) phase below 100 K. [1] [2] [3] [4] [5] [6] [7] [8] Fujii et al. explained this reentrant ferromagnetism in terms of the distance-dependent Mn-Mn exchange interaction and Sm-Mn coupling. 1) In SmMn 2 Ge 2 , R a Mn-Mn is slightly larger than the critical value of 0.285 nm at room temperature. With decreasing temperature, the FM phase transforms into the AFM one at T 2 , because R a Mn-Mn decreases due to the thermal contraction and becomes shorter than the critical value of 0.285 nm. In the AFM phase, the Sm moments are regarded as a disordered state because of feeling no exchange field from the Mn sublattice with the AFM Mn-Mn coupling. Below T 1 , the FM Sm-Sm coupling is enhanced, which becomes sufficiently strong to break the AFM Mn-Mn coupling via the FM Sm-Mn coupling, so that the RFM phase appears. From isothermal magnetization measurements for a SmMn 2 Ge 2 single crystal, they proposed that the easy axis is parallel to the h110i direction in the RFM phase, and it turns to the h001i direction in the AFM and FM phases. So far, some papers reported about the spin states or magnetic structures of SmMn 2 Ge 2 .
2-6) A neutron experiment indicates noncollinear spin structures, 2) but the main components of each spin are similar to the spin model reported by Fujii et al. However, these models do not explain the magnetic properties of SmMn 2 Ge 2 , completely.
For SmMn 2 Ge 2 , it was reported that the lattice parameter a decreases by about 0.1%, while the parameter c increases slightly by about 0.02% in the AFM state, which leads to the volume contraction by 0.3%, compared with the FM and RFM states. 2, 4) In our previous work for SmMn 2 Ge 2 , it was found that the structural distortion recovers by applying a magnetic field in the AFM state, accompanied with the metamagnetic transition from the AFM to the forced FM state. 7) This clearly shows that the magnetic phase transitions closely relate to the structural distortion. Indeed, applying pressure induces the decrease of T 1 and the increase of T 2 .
2-4,8)
On the other hand, the magnetic entropy change ÁS M is one of useful information about the magnetic phase transition and magnetic states. Gyorgy et al. measured the pressure dependence of T 1 and T 2 for SmMn 2 Ge 2 and estimated ÁS M ðT 2 Þ using Clapeyron's equation. 2) Since the value of ÁS M ðT 2 Þ was very small, they reported that the model proposed in Ref. 1) is questionable. Recently, Koyama et al. reported that ÁS M ðT 1 Þ and ÁS M ðT 2 Þ estimated from magnetization measurements for polycrystalline SmMn 2 Ge 2 using the Maxwell relation (magnetocaloric effects) are comparable with the value determined by the specific heat measurement. 9) They pointed out that the small ÁS M ðT 1 Þ and ÁS M ðT 2 Þ are due to thermal fluctuation of the magnetic moments.
In order to understand the magnetic phase transitions and the magnetic states of SmMn 2 Ge 2 , we have investigated the magnetocaloric properties deduced from magnetization measurements under ambient and high pressures. The experimental results are discussed using the molecular field model.
Experimental
Polycrystalline SmMn 2 Ge 2 was prepared by arc-melting the mixture of stoichiometric amounts of pure elements (Sm, 3N; Mn, 4N; Ge, 5N) in an argon atmosphere. In order to ensure homogeneity, the ingot was turned over and re-melted several times. The ingot was wrapped by a Ta foil and then was annealed at 900 K for 6 days in an evacuated quartz tube. X-ray powder diffraction experiments were carried out with Cu K radiation at room temperature, and the sample was confirmed to be a single phase of the ThCr 2 Si 2 -type body centered tetragonal structure except for a very weak Sm oxide phase. Magnetization M measurements were performed by a superconducting-quantum-interference-device magnetometer at the temperature T range from 5 to 300 K in magnetic fields B up to 1 T under pressures P up to 1.2 GPa. A pressure cell made of a Cu-Be alloy was used. The original design of the cell and the experimental technique were presented in Ref. 10 in detail. Figure 1 shows the temperature dependence of the magnetization under 0.1 T at various pressures up to 1.2 GPa. The data were taken in heating process. At 0.1 MPa (ambient pressure), the phase transition temperatures were determined to be T 1 ¼ 100 K (from RFM to AFM) and T 2 ¼ 150 K (from AFM to FM). The Curie temperature T C of this sample cannot be determined in our temperature range. Figure 2 shows the pressure dependence of the magnetic transition temperatures (T 1 and T 2 ). By applying pressures,
Results
, which was consistent with the reported data. [2] [3] [4] 8) This result indicates that the AFM interaction was enhanced and the FM interaction was suppressed due to the lattice contraction by applying pressure.
In this study, the absolute value of the magnetic entropy change jÁS M | at the vicinity of T 1 and T 2 was estimated by the high-pressure magnetization measurements through the Maxwell relation,
At 0. In Figs. 3(a) and 3(b), as a typical result under high pressure, we show the results of the magnetic entropy change jÁS M j vs. temperature curves under P ¼ 0:5 GPa at the vicinity of T 1 and T 2 in a field change of 1 T, respectively. The results are evaluated from the M-T curves at the vicinity of T 1 and T 2 under 0.5 GPa in various magnetic fields up to 1 T (see the insets of Fig. 3 ). The data are taken in heating process. At 0.5 GPa, jÁS M ðT 1 Þj and jÁS M ðT 2 Þj are estimated to be 2.3 Jmol À1 K À1 and 0.40 Jmol À1 K À1 , respectively. Figure 4 shows the pressure dependence of the magnetic entropy change jÁS M j. With increasing pressure, jÁS M ðT 1 Þj increases, whereas jÁS M ðT 2 Þj slightly decreases.
Discussion
We analyzed the obtained results on the basis of a mean field theory for a two-sublattice model proposed in the previous reports.
11 -13) The molecular fields acting on the Sm and Mn moments can be written as follows: in the FM and RFM phases,
and in the AFM phase,
where, hJi and hSi are thermal averages of the total angular momentum of Sm and the total spin momentum of Mn with S ¼ 1, 13) respectively, and J i,j is the exchange interaction between the moments on the i and j atoms. Here, we assumed that the crystal electric field is negligibly small, compared to J i,j . [11] [12] [13] [14] Using these equations, we calculated the magnetic free energy and the magnetic entropy. The J i,j parameters were determined in order that the calculated total entropychange ÁS M ðTÞ cal represents the experimental values, jÁS M ðT 1 Þj and jÁS M ðT 2 Þj.
Here, it should be mentioned that J FM MnMn in eq. (2) is also used for the RFM state. Our previous study shows that the lattice parameter a contracts by 0.2%, while the parameter c slightly expands by 0.04% in the AFM state, compared to the FM and RFM states. 7) The cell volume in the AFM state is smaller by 0.3% than that in the FM and RFM states. By applying a magnetic field of 4 T, the structural distortion in the AFM state recovers, and a and c decrease continuously with decreasing temperature similar to a normal thermal contraction at 8 < T < 300 K. Since the Mn-Mn exchange interaction and the magnetic state relate to the lattice parameters, the previous result indicates that J MnMn in the RFM state is almost the same value of J FM MnMn . Therefore, we used J FM MnMn in the RFM state, as expressed in eq. (2). Figure 5 shows the temperature dependence of the calculated entropy S Mcal for 0.1 MPa (a) and 0.5 GPa (b). In Table 1 , the determined J i,j parameters and the calculated ÁS M ðT 1 Þ cal and ÁS M ðT 2 Þ cal are listed. Here, in order to evaluate the pressure effect on the FM and AFM interactions of the Mn sublattice (J FM MnMn and J AFM MnMn ), we used the same value of J SmSm and J SmMn of 0.1 MPa for 0.5 GPa, because these are very small, compared to J FM MnMn and J AFM MnMn . The determined parameters are comparable to the reported data for RMn 2 Ge 2 (R ¼ La, Gd, Tb and Dy). [11] [12] [13] [14] As seen in Sm-Mn coupling in T < T 1 . This fluctuation also leads that the Sm-Mn coupling becomes unstable, and then the AFM Mn-Mn coupling overcomes the Sm-Sm and Sm-Mn couplings at T 1 .
In the AF state at T 1 < T < T 2 , we assume that Sm has a disordered state due to the thermal fluctuation and the zeroexchange field from the Mn sublattice. Indeed, recent microscopic experiments suggest that the Sm ion is almost nonmagnetic in T 1 < T < T 2 .
3,4,6) As seen in Fig. 5 slightly decreases by applying pressure. This is consistent with the decrease of T 1 and the increase of T 2 (see Fig. 1 ). This enhancement of J AFM MnMn leads to the decrease of T 1 , so that the thermal fluctuation of the Sm moment is suppressed below T 1 . Therefore we observed that jÁS M ðT 1 Þj is enhanced by applying pressure (see Fig. 5(b) ). Since T 2 shifts to higher temperature under 0.5 GPa, the thermal fluctuation of the Sm and Mn moments enhances. Therefore, in the condition of J FM MnMn (J AFM MnMn ) $600 K, both ÁS M Sm ðT 2 Þ cal and ÁS M Mn ðT 2 Þ cal are small at the temperature of T 2 ¼ 265 K, leading that S M ðT 2 Þ cal does not drastically change. Here, it is noted that we cannot obtain any good explanation for 0.5 GPa such as Fig. 5(b) using the same parameters of 0.1 MPa.
Consequently, the experimental results about jÁS M ðTÞj for SmMn 2 Ge 2 under ambient and high pressures could be explained using the simple mean field theory with the two sublattice model. This indicates that the distance-dependent Mn-Mn interaction (J FM MnMn and J AFM MnMn ) mainly dominates the magnetic properties such as the successive phase transition, small magnetic entropy change, and pressure effects, which is consistent with the model proposed in Ref. 1.
Summary
In order to obtain the information about the magnetic states of the reentrant ferromagnet, SmMn 2 Ge 2 , we studied the pressure effect on the magnetocaloric properties deduced from the magnetization measurements under high pressures up to 1.2 GPa in the temperature range from 5 to 300 K. It was confirmed that the magnetic phase transition temperatures are T 1 ¼ 100 K (from RFM to AFM) and T 2 ¼ 150 K (from AFM to FM) at 0. 
